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ABSTRACT: Recent studies indicate that global temperatures will rise substantially in the 
21st century, leading to the extinction of several plant species, as plant metabolism and 
germination are greatly affected by temperature. Melanoxylon brauna, a tree species native 
to the Atlantic Forest that occurs from northeastern to southeastern Brazil, is one of the many 
species threatened by global warming. Despite the economic and ecological importance 
of M. brauna, studies investigating the influence of heat stress on seed germination and 
biochemical responses are still incipient. This study aimed to evaluate enzyme activity in the 
micropylar region of M. brauna seeds during germination under heat stress conditions. Endo-
β-mannanase, α-galactosidase, polygalacturonase, pectin methylesterase, pectin lyase, total 
cellulase, 1,3-β-glucosidase, and 1,4-β-glucosidase activities were determined in micropyles of 
seeds imbibed for 24, 48 and 72 h at 25, 35 and 45 °C. Seed germination was highest at 25 °C. 
Endo-β-mannanase activity was not detected under any of the experimental conditions, but 
imbibition temperature had a significant effect on the activity of all other enzymes.

Index terms: cell wall, enzyme, germination, temperature.

Atividade enzimática na região micropilar de sementes de Melanoxylon 
brauna Schott durante a germinação sob estresse térmico

RESUMO: Estudos recentes indicam alta na temperatura global no decorrer desse século, 
fato que pode ocasionar a extinção de diversas espécies vegetais, visto que processos como a 
germinação são influenciados pela temperatura. Dentre as espécies com risco de extinção está 
a Melanoxylon brauna, árvore nativa da Mata Atlântica de ocorrência nas regiões Nordeste 
e Sudeste. Mesmo diante de sua importância econômica e ecológica, estudos referentes à 
germinação em condições de estresse térmico, bem como suas consequências bioquímicas 
nas diferentes partes das sementes, ainda são incipientes. Diante disso, objetivou-se avaliar a 
germinação e a atividade enzimática na região micropilar de sementes de M. brauna durante 
a germinação sob estresse térmico. Avaliou-se germinação nas temperaturas de 25, 35 e 
45 °C. As atividades das enzimas endo-β-mannanase, α- galactosidase, polygalacturonase, 
pectinametilesterase, pectinaliase, celulases totais, β-1,3- e β-1,4-glucosidases foram avaliadas 
em micrópilas embebidas por 0, 24, 48 e 72 h a 25, 35 e 45 °C. Houve maior germinação a 
25 °C. Não foi detectada atividade da enzima endo-β-mananase em nenhuma das condições 
avaliadas. A temperatura de embebição influenciou a atividade das demais enzimas. 

Termos para indexação: parede celular, enzima, germinação, temperatura.
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INTRODUCTION

Melanoxylon brauna Schott is a tree native to the Brazilian Atlantic Forest. It occurs mainly in the southeast and 
northeast regions of the country. The tree has excellent wood properties, and its bark and sap are widely used in 
traditional medicine (Lorenzi, 2008). However, because of the overexploitation of its timber, the species is currently 
classified as vulnerable in the official list of endangered flora of Brazil (Brasil, 2014). Information on seed germination 
may contribute to the development of conservation strategies for M. brauna.

A factor that may greatly affect the conservation status of M. brauna is climate change. Studies showed that global 
temperatures will rise by 1 to 5 °C over this century (PBMC, 2013). Will the species be able to adapt to the effects of 
global warming? What can be done to prevent M. brauna and other vulnerable tree species from becoming extinct? 
To answer these questions, it is fundamental to increase the knowledge about the influence of temperature on the 
different physiological processes involved in seed germination.

Germination is mediated by a series of complex physical, physiological and biochemical processes. To emerge, 
the radicle must pass through the micropyle. Radicle emergence is preceded by the weakening of the micropylar 
endosperm and elongation of the embryonic axis (Yan et al., 2014). Although an essential part of seed germination, 
the mechanisms involved in the rupture of the micropylar endosperm, especially tissue weakening, are still little 
understood (Nonogaki et al., 2010). Such process is known to involve the loss of cell wall integrity by the action 
of hydrolases, transglycosylases, cellulases, hemicellulases, and reactive oxygen species (Borges et al., 2015; 
Koen et al., 2017; Singh et al., 2017). Enzymes activated at the initial stages of imbibition, such as β-mannanase, 
α-galactosidase (α-Gal), polygalacturonase (PG), pectin methylesterase (PME), pectin lyase (PL) and cellulase, are 
responsible for the degradation of cell wall polysaccharides and, consequently, the weakening of the micropylar 
endosperm, contributing to radicle emergence (Betts et al., 2017; Mascher et al., 2017). 

Temperature is a major factor influencing enzyme activity during germination. It can decrease, enhance, or even 
inhibit enzymatic processes and, therefore, accelerate or slow down seed metabolism (Laghmouchi et al., 2017). It 
may also influence the imbibition rate, altering the speed of chemical reactions that promote the mobilization of 
reserves and synthesis of necessary compounds for seedling growth. Thus, temperature is a determining factor for the 
occurrence of a species at a given locality (Medina et al., 2016). 

Considering the importance of M. brauna, the predictions of climate change, the influence of temperature on 
germination, and the lack of information about biochemical processes occurring in the micropylar region, this 
study aimed to assess the activity of endo-β-mannanase, α-Gal, PG, PME, PL, total cellulase, 1,3-β-glucosidase and 
1,4-β-glucosidase in the micropylar endosperm of M. brauna seeds during germination under heat stress conditions.

MATERIAL AND METHODS

Sample harvesting and preparation

Fruits of M. brauna were harvested in Leopoldina (21°31’55”S 42°38’35”W), Minas Gerais, southeastern Brazil, 
in September 2015. The pods were sun dried, manually threshed, and the seeds cleaned. Empty or damaged seeds 
and debris were discarded. Healthy, intact seeds were selected and stored in a cold chamber at 5 °C and 60% relative 
humidity until use. The experiments were conducted between February and August 2016. A completely randomized 
design with five replications of twenty seeds per treatment was used.

Germination test

Seeds were placed between two sheets of germination paper in petri dishes, moistened with distilled water, 
and incubated for 24, 48 and 72 h at 25, 35 or 45 °C in BOD incubators. Seeds were considered germinated upon 
radicle emergence. 
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Determination of enzyme activity

Enzyme activity was determined in the micropylar region of dry seeds and seeds imbibed for 24, 48 and 72 h at 
25, 35 and 45 °C. Micropyles were extracted (Figure 1), subjected to the same conditions as described above, and 
analyzed for enzyme activity.

Endo-β-mannanase activity was determined by the gel-diffusion assay of Downie et al. (1994), with modifications. 
The gel was first washed with distilled water, then incubated with buffer solution for thirty minutes, and washed once 
more with distilled water. Congo red dye (0.5% w/v) was added, the gel was incubated for thirty minutes, washed with 
ethanol for ten minutes, and rinsed with distilled water. NaCl solution (1 M) was added until a white halo was observed 
where the samples were pipetted. 

α-Gal activity was quantified according to Borges et al., 2004. One unit of enzyme activity was defined as the 
amount of protein that releases 1 nmol of p-nitrophenol per minute under the assay conditions.

PG activity was determined by the 3,5-dinitrosalicylic acid (DNS) method as adapted by Miller (1959). One unit of 
PG activity was defined as the amount of protein that produces 1 μmol of galacturonic acid per minute of reaction. 

PME was extracted according to Pinto et al. (2011), and its activity was quantified according to Grsic-Rausch 
and Rausch (2004). One unit of PME activity is equivalent to the amount of enzyme required to produce 1 μmol 
of NADPH per minute of reaction at 25 °C and pH 7.5.

PL activity was determined by the spectrophotometric method of Albersheim and Kilias (1962). Absorbance 
was read at 235 nm. Enzyme concentration was calculated using a molar absorption coefficient of 5550 L mol−1.cm−1 
(Albersheim et al., 1996).

Total cellulase activity was measured by the filter paper assay (Ghose, 1987). A 6 cm2 strip of filter paper was placed 
in a test tube containing 0.5 mL of sample (seed incubation solution) and 1.0 mL of 50 mM sodium acetate buffer pH 
5.0. The reaction was interrupted by the addition of 1 mL of DNS. The concentration of reducing sugars was determined 
spectrophotometrically at 540 nm.

1,3-β-Glucosidase activity was determined using p-nitrophenyl β-d-glucopyranoside as substrate, and 
1,4-β-glucosidase activity was determined using carboxymethyl cellulose as substrate. Reactions were conducted 
in 50 mM phosphate-buffered saline pH 6.0 (Singhania et al., 2013). Enzyme activity was expressed as units per 
gram of substrate. 

Proteins were quantified by the Bradford method (1976) using a standard curve (2.5–50 µg) of bovine serum albumin.

Figure 1. Representative photograph of a Melanoxylon brauna seed (A) and its micropylar region (B).
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Statistical analysis

Data were subjected to analysis of variance followed by Tukey’s test at p < 0.05. Relationships between enzyme 
activity and germination conditions were investigated by regression analysis. Statistical analyses were performed using 
SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).

RESULTS AND DISCUSSION

Radicle emergence was observed in seeds imbibed for 72 h. Germination was highest (83%) at 25 °C, decreasing to 
about 55% at 35 °C. Imbibition for 72 h at 45 °C led to complete loss of seed viability (Table 1). Temperature exerts a 
great influence on germination, as it regulates water absorption and biochemical reactions involved in seed metabolism 
(Bewley et al., 2013; Graeber et al., 2014). 

In general, seeds of subtropical and tropical species germinate at 20–30 °C (Oliveira et al., 2016; Silva et al., 2016). 
The germination behavior of M. brauna seeds observed in the current study agrees with that reported in the literature. 
Flores et al. (2014) found that M. brauna seeds were able to germinate between 12.3 and 42.5 °C, but not at 45 °C; 
the optimum temperature was 27 °C. Imbibition at 45 °C for 72 h was shown to cause irreversible damage to M. 
brauna seeds, impairing their germination, even when seeds were later transferred to 25 °C (Santos et al., 2017). 
Radicle emergence depends not only on the growth potential of the embryo, but also on the reduction in mechanical 
resistance in the micropylar region (Bewley et al., 2013). Although the physical and biochemical aspects involved in this 
process are not fully understood, it is known that hydrogen peroxide production, hydrolases, and cellulases have an 
important role in weakening the cell wall (Zhang et al., 2014; Santos et al., 2017).

Enzyme activity was not observed in isolated micropyles imbibed for up to 72 h. These results suggest that hydrolases 
and cellulases are produced in the embryonic axis and transferred to the micropylar region during germination, which 
reinforces the hypothesis that these enzymes contribute to radicle emergence by weakening the micropylar region.

Endo-β-mannanase activity was not detected under any of the evaluated conditions. Previous reports showed that 
its activity is intensified at the end of the germination process, mainly during seedling formation (Ferreira et al., 2018). 
The activity of all other enzymes differed significantly with temperature. α-Gal activity was highest at 25 and 35 °C 
(Figure 2A). PG, PME and PL showed higher activities after 72 h of imbibition at 45 °C (Figures 2B, 2C and 2D). These 
enzymes are crucial for cell wall degradation and radicle emergence (Borges et al., 2015; Bicalho et al., 2016).

α-Gal activity depends on environmental conditions, including temperature (Coffigniez et al., 2018). In M. brauna 
seeds, the highest activity occurred at the optimal germination temperature (25 °C). In addition to metabolizing 
carbohydrate reserves, α-Gal hydrolyzes cell wall polysaccharides and raffinose family oligosaccharides, thereby 
providing energy for germination (Bicalho et al., 2016; Farias et al., 2015). The low enzyme activity found at 45 °C shows 
that α-Gal is sensitive to heat stress. Similar to the observed in the current study, α-Gal activity was highest at 25 °C in 
Dalbergia nigra seeds (Ataíde et al., 2016). 

PG is essential for the germination of Schizolobium parahyba and Arabidopsis sp. seeds (Magalhães et al., 2009; 
Han and Yang, 2015; Scheler et al., 2015). The enzyme catalyzes the hydrolysis of 1,4-α-glycosidic bonds between 
galacturonic acid residues in the pectin chain. In the present study, PG activity was higher at 45 °C for all imbibition 

Temperature (ºC) Germination (%)
25 83 a
35 55 b
45   0 c

Table 1. Germination percentage of Melanoxylon brauna seeds at different temperatures.

Means followed by different letters differ significantly by Tukey’s test at p < 0.05.
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Asterisks (*) indicate statistically significant differences between means. Vertical bars represent the standard error of the mean (n = 5).

Figure 2. α-Galactosidase (A), polygalacturonase (B), pectin methylesterase (C) and pectin lyase (D) activities in the 
micropylar region of Melanoxylon brauna seeds during imbibition at 25, 35 and 45 °C.

times. The optimum germination temperature does not always coincide with the optimum temperature for enzyme 
activity. In D. nigra seeds, PG activity peaked at 40, 45 and 60 °C, but germination percentage was highest at 25 °C 
(Ataíde et al., 2016). In fruits of Uapaca kirkiana, Ziziphus mauritiana, Tamarindus indica and Berchemia, the optimum 
temperature range for PG activity was shown to be 25 to 37 °C (Muchuweti et al., 2005). In Prunus persica fruits, PG 
activity was highest during imbibition at 35 °C (Sainz and Vendrusculo, 2015). 

PME and PG have related functions. PME catalyzes the de-esterification of pectic substances by hydrolyzing 
methyl ester groups, producing pectin with a lower degree of methylation, which is then used as a substrate by PG 
(Sainz and Vendrusculo, 2015). PME activity increased after 24 h of imbibition at 25, 35 and 45 °C, but decreased 
after 48 h at 35 °C. At the basis of these results, it is possible to infer that the enzyme is produced before germination 
and is associated with the weakening of the seed coat and the degradation of the micropylar endosperm. These 
results agree with those obtained by Borges et al. (2015). The authors reported an increase in PME activity during 
imbibition of M. brauna seeds at 30 °C. PME activity was detected in Lepidium sativum seeds, suggesting that the 
enzyme plays an important role in testa rupture during radicle emergence (Scheler et al., 2015). 

PL activity was highest at 45 °C and increased with imbibition time at all temperatures. PL breaks down 
oligogalacturonides of the cell wall, deteriorating the lateral endosperm. The enzyme also induces the synthesis of 
expansins, which are mediators of the germination process (Zhao et al., 2008; Cao, 2012; Sainz and Vendrusculo, 2015). 
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Although hydrolases play a fundamental role in M. brauna seed germination, under heat stress (45 °C), high PG, 
PME and PL activities may contribute to seed deterioration. It is possible that an excessive increase in enzyme activity 
enhanced reserve degradation, accelerating the loss of cell wall integrity and increasing damage to cell membranes 
(Santos et al., 2017).

Total cellulase and 1,4-β-glucosidase activities were highest at 35 °C after 48 h of imbibition (Figures 3A and 3C). 
This temperature also favored 1,3-β-glucosidase activity, which was found to increase with imbibition time (Figure 3B). 
At 45 °C, 1,3-β- and 1,4-β-glucosidase activities were lowest after 72 h of imbibition. This result is likely due to the loss 

Asterisks (*) indicate statistically significant differences between means. 
Vertical bars represent the standard error of the mean (n = 5). 

Figure 3. Total cellulase (A), 1,3-β-glucosidase (B) and 1,4-β-glucosidase (C) activities in the micropylar region of 
Melanoxylon brauna seeds during imbibition at 25, 35 and 45 °C. 
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of seed vigor caused by heat stress, resulting in protein denaturation and loss of enzyme activity (Santos et al., 2017). 
Cellulases are responsible for the degradation of cellulose, a major component of the plant cell wall. β-Glucosidases 
break the chemical bond between the glucose units of cellobiose, releasing free glucose. By doing so, they contribute to 
the weakening of the micropylar endosperm and provide energy for radicle emergence, as observed in seeds of Coffea 
arabica (Castro and Pereira, 2010), Lactuca sativa (Chen et al., 2016) and L. sativum (Ogórek, 2016). 

Enzyme activity was related to germination percentage, but was less affected by high temperatures. The increase 
in enzyme activity in heat-stressed seeds probably contributed to cell wall degradation, leading to the accumulation of 
reactive oxygen species and membrane damage (Santos et al., 2017). The results show that PG, PME, PL, total cellulase, 
1,3-β-glucosidase and 1,4-β-glucosidase activities can be used to assess the physiological quality of M. brauna seeds.

CONCLUSIONS

M. brauna seeds showed optimal germination at 25 °C. Imbibition at 45 °C for 72 h resulted in the death of all 
seeds. Endo-β-mannanase activity was not detected after 72 h of imbibition at any of the tested temperatures. α-Gal 
activity was highest after 48 h of imbibition at 25 °C and lowest after 24 h at 45 °C. PG activity was highest after 48 h 
of imbibition at 45 °C and lowest after imbibition at 25 °C. PME and PL activities increased during 72 h of imbibition 
at 45 °C, but decreased during imbibition at 25 °C. Total cellulase, 1,3-β-glucosidase, and 1,4-β-glucosidase activities 
where highest during the first hours of imbibition at 45 °C, but decreased markedly after 48 h. High PG, PME, PL, total 
cellulase, 1,3-β-glucosidase and 1,4-β-glucosidase activities during imbibition indicate the occurrence of heat stress in 
M. brauna seeds.
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